Background: Accurate estimation of energy needs is vital for effective nutritional management of individuals with spinal cord injury (SCI). Inappropriate energy prescription after SCI can compound the rates of malnutrition or obesity, increase the risk of complications and negatively influence outcomes. Energy requirements following SCI are not well understood, and there is currently no universally accepted method of estimating energy needs in clinical practice. Study design: This is a systematic literature review. Objectives: The objectives of this study were to investigate and compare the measured resting energy needs of adults with SCI across different phases of rehabilitation, and to identify appropriate energy prediction equations for use in SCI. Setting: This study was conducted in Australia. Methods: MEDLINE, EMBASE and CENTRAL databases were searched for studies published between 1975 and April 2015, identifying 298 articles. Full articles in English language of adults with SCI who were fasted for a minimum of 8 hours before undergoing indirect calorimetry to measure resting energy expenditure (REE) for at least 20 min were selected. On the basis of the inclusion criteria, 18 articles remained for data extraction. One author extracted information from all articles, and inter-rater reliability was tested in five articles. Results: REE across three phases of injury was assessed: acute, sub-acute and chronic. Few studies (n = 2) have investigated REE in the acute and sub-acute injury stages of SCI recovery. The factors influencing chronic energy needs in SCI patient populations are many and varied, and a valid predictive equation for use in SCI remains elusive. SCI is initially associated with catabolic conditions of trauma such as spinal shock and patients may be at risk of weight loss, malnutrition and pressure injuries. 1 In the long term, SCI results in marked body composition changes, specifically muscle atrophy below the level of injury and higher relative fat mass compared with people without SCI, 1-3 which may contribute to decreases in resting energy expenditure (REE). In an environment of reduced mobility, energy needs are further reduced, and there is an increased risk of weight gain and obesity-related chronic diseases. 4, 5 To prescribe an appropriate daily energy intake, an individual's total daily energy expenditure (TDEE) must be determined. An individual's TDEE comprises three components, two of which may be considerably affected by SCI. Basal metabolic rate (BMR) is the minimum energy required for the basal processes of life, and it contributes the majority (~70%) of TDEE in a healthy person. 6 In the clinical literature, the term BMR is often used interchangeably with REE, and for the purpose of this review REE is defined as the energy expended in an awake, alert individual in a rested position following
INTRODUCTION
Physiological factors create challenges when estimating the energy needs of people with a spinal cord injury (SCI) in clinical practice. SCI is initially associated with catabolic conditions of trauma such as spinal shock and patients may be at risk of weight loss, malnutrition and pressure injuries. 1 In the long term, SCI results in marked body composition changes, specifically muscle atrophy below the level of injury and higher relative fat mass compared with people without SCI, [1] [2] [3] which may contribute to decreases in resting energy expenditure (REE). In an environment of reduced mobility, energy needs are further reduced, and there is an increased risk of weight gain and obesity-related chronic diseases. 4, 5 To prescribe an appropriate daily energy intake, an individual's total daily energy expenditure (TDEE) must be determined. An individual's TDEE comprises three components, two of which may be considerably affected by SCI. Basal metabolic rate (BMR) is the minimum energy required for the basal processes of life, and it contributes the majority (~70%) of TDEE in a healthy person. 6 In the clinical literature, the term BMR is often used interchangeably with REE, and for the purpose of this review REE is defined as the energy expended in an awake, alert individual in a rested position following an overnight fast (post-absorptive state), in a thermoneutral ambient environment and before any physical activity. As REE is predominantly related to body size and composition, it is likely to vary widely across the lifetime following SCI. 4, 7 The second component is activity energy expenditure (AEE), which is the energy used above resting needs for any incidental or planned physical movement, and mental and emotional stimulation, and it can account for~20% of TDEE in active individuals. 6 The impact of SCI on AEE will vary considerably on the basis of the injury type, with complete or partial loss of motor function greatly reducing the amount of energy that can be expended through any physical movement. The third component is the thermic effect of food (TEF), which is the energy expended because of digestion of food, and it generally accounts for~10% of TDEE. 6 There is no evidence to suggest that this is influenced by SCI. 7 As REE comprises the greatest proportion of TDEE, much attention is placed on its accurate measurement. Indirect calorimetry is considered the gold standard for assessing REE, but it is typically confined to the research setting. In clinical practice where accurate assessment methodologies may not be readily available, predictive equations are often used as a surrogate. The most commonly used predictive energy equations in general clinical practice are not reliable in SCI given that they are derived from uninjured populations. 8, 9 Current recommendations for predicting REE in SCI rehabilitation involve the use of a ratio equation, 10 which is based on a single study that was undertaken more than 20 years ago in hospitalised rehabilitating patients. 8 It is unclear whether the development of more widely validated equations has progressed since this time.
The objectives of this review were to investigate and compare the objectively measured REE of patients with SCI across different phases of injury, and to identify and appraise energy prediction equations that are appropriate for use in patients with SCI.
MATERIALS AND METHODS

Database search
All studies were retrieved through a comprehensive literature search. The search was conducted through Ovid via MEDLINE, EMBASE and CENTRAL using the following limits: text word search, English language only, humans, adult participants only (19 years or more). Search terms were selected from known articles relevant to the subject heading. Search terms included the following: SCI; spinal cord injury; spinal cord injuries; spinal cord*; spinal injur*; paraplegia; tetraplegia; quadriplegia; REE; resting energy expenditure; BMR; basal metabolic rate; BEE; basal energy expenditure; RMR; resting metabolic rate; *energy expenditure; energy expend*; energy expenditure*; estimated energy*; energy estimation; energy require*; energy requirement; energy need*; calori*; calorimetry. Databases were searched for literature published between 1975 and April 2015.
Exclusion criteria
Primary article exclusion criteria included the following: non-English language, those without abstracts, full articles unable to be retrieved through extensive database searches and library services (n = 4), review articles and studies in which REE and/or study population characteristics were not adequately specified and studies including participants without SCI. If studies by the same authors were identified and found to include similar participants and mean REE values (n = 4), [11] [12] [13] [14] the study with the largest sample size was included. Case studies were excluded because of the low level IV evidence, 15 and studies with adolescent data were excluded as the review was confined to the adult population only. A secondary exclusion criteria was applied when methodology may have compromised data quality. The REE protocol must have been clearly defined, participants needed to be fasted for at least 8 hours 16, 17 to remove effects of diet-induced thermogenesis and REE must be measured for at least 20 min to ensure attainment of steady-state gas exchange. 16, 17 Studies were included if they met the testing conditions, whether or not the measurement was taken immediately upon waking or after waking and travelling from home to the site of testing with a resting period before the commencement of testing. Studies were also included irrespective of which terminology was used to define test output: for example, REE or BMR.
Charting data according to key concepts
Articles were grouped according to time post injury. 18 Participants less than 1 month following injury were grouped as 'acute' because this typically represents a period of catabolic stress brought about by surgical intervention, 19 increased prevalence of complications 20 and negative nitrogen balance coinciding with weight loss. 21 Patients between one and six months after injury were grouped as 'sub-acute.' For many, this is a time of intensive rehabilitation aimed at optimising quality of life and independence, 22 and it may represent a period of ongoing negative nitrogen balance and weight instability. 21 Those greater than 6 months after injury were grouped in the 'chronic' phase, as they are more likely to be medically stable, undergoing final stages of rehabilitation or have returned home. 22 Not all studies reported SCI using the American Spinal Injury Association (ASIA) impairment scale (AIS). 23 Injuries referred to as 'complete' were interpreted as motor complete, corresponding with AIS A or B injuries. 'Incomplete' injuries were interpreted as motor incomplete, corresponding with AIS C or D injuries.
Inter-rater reliability testing
Inter-rater reliability was assessed in a randomly selected sample (12%, 5/43) of articles remaining after the first exclusion criteria were applied. Data were extracted and performed in a blinded manner by a second researcher. Cohen's kappa coefficient was used to check agreement with the original researcher (κ = 1.0 (100%)), indicating perfect agreement.
Statistical analysis
To remain consistent with published literature, REE is reported as mean ± s.d. For studies that present findings as mean ± s.e.m., the s.e.m. was converted to a s.d. using the following equation:
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Where s.d. is the standard deviation, s.e.m. is the standard error and n is the sample size. Several studies reported findings by subgroup only, such as male and female or paraplegic and tetraplegic, 3, [24] [25] [26] [27] and it failed to report a mean for the cohort. To enable ease of comparison between studies, subgroup means were combined and a weighted group mean and standard deviation was calculated for each study using the following equation:
where w is the weighted mean, s is the number of subgroups, n is the subgroup size and N is the cohort size. For consistency, mean REE for all studies is expressed as kcal per day. A conversion factor of 0.239 was used to convert kJ to kcal, 28 whereas REE per min was converted to REE per day using a conversion factor of 1440.
RESULTS
The literature search returned 298 articles. After applying initial exclusion criteria, 43 articles (14%, 43/298) remained. Secondary exclusion criteria for scientific quality removed 12 studies in which patients were fasted for less than 8 hours; eight studies that measured REE for less than 20 min; and five studies with insufficient information regarding the REE testing protocol used ( Figure 1 not report the time since injury but were grouped in the chronic phase. This was because of statements such as 'subjects were physically active', 29 'five of the paraplegic subjects participated in recreational basketball' 29 or study methodology that required participants to complete domestic activities in their home, 24 suggesting that participants were independent, not undergoing inpatient rehabilitation and likely greater than six months post injury.
Measured REE
No identified studies assessed REE in the acute phase post injury. Two studies assessed REE in the sub-acute phase (1-6 months post injury), where mean REE ranged from 1324 to 1469 kcal per day. The remaining 16 studies measured REE at least 6 months post injury, the chronic phase of SCI rehabilitation ( Figure 1 ) where mean REE ranged from 1256 to 1855 kcal per day (Table 1) . These findings prevent valid comparisons of REE across different phases of injury.
Furthermore, all studies reported cross-sectional data with no observational studies examining longitudinal assessment of REE after SCI. Study participants were predominantly male, with 61% (11/18) of studies conducted in male-only populations and the remaining 39% (7/18) performed in mixed-gender populations. Complete injuries (AIS A or B) were the most common SCIs reported in participants (59%, 200/337) (Supplementary information- Table 1 ). Five (28%, 5/18) studies did not report injury completeness or AIS classification.
Some authors compared REE between SCI subgroups such as paraplegic and tetraplegic, male and female ( 26 Any comparisons between men and women showed differences between genders similar to that expected in the general population. Differences in measured REE were also observed between other SCI subgroups in the study by Yilmaz 3 where REE was found to correlate with lower 34 the overestimation of REE increased to 90%. Although the study by Aquilani was the only one to find measured REE similar to predicted REE using the Harris Benedict equation, the authors highlighted that the study populations were likely to be hypermetabolic because of the presence of pressure injuries and urinary tract infections. 30 Cox found no difference when comparing measured REE with predicted REE using the Quebbeman equation at the group level; however, the correlation between measured and predicted REE was low (Pearson's correlation coefficient = 0.36). 8 Hayes was the only other study to find measured REE similar to predicted REE, using an equation that relied on measurements from dual-energy X-ray absorptiometry (DXA). 32 
DISCUSSION
Accurate assessment of energy needs is paramount to prescribing appropriate nutritional support following SCI. Achieving and maintaining a healthy weight for individuals with SCI is vital to reduce the risk of developing cardiovascular disease, type 2 diabetes and other weight-related chronic conditions. Findings from this systematic review emphasise the absence of data surrounding energy requirements in the first 6 months following injury, while highlighting the diversity of factors that impact energy needs across the SCI rehabilitation journey. The predictive energy equations used in studies included in this review were largely derived from uninjured populations, failed to take into account these influencing factors and therefore overestimated REE in SCI patients.
It has been proposed that the energy needs of people with SCI change over time, 2 which is similar to that shown in traumatic brain injury. 35 The REE of an individual with SCI is thought to be raised in the acute phase of injury as the body goes through spinal shock 1 and then decrease to below energy needs before injury (as measured by matched controls). 12, 26, 36, 37 This review found only two studies that measured REE within the first 6 months after SCI (mean REE = 1324-1469 kcal per day), 8, 30 and it was unable to capture the hypothesised increased energy needs in the 'acute phase,' compared with the decreased energy needs in the 'chronic phase' of SCI. The lack of data may be a result of contraindications to performing indirect calorimetry in acute care settings such as renal replacement therapy, supplemental oxygen, tracheostomies and chest tubes/drains. 6 Further, ventilated patients require specific models of indirect calorimeters that may be unavailable in some facilities. Regardless, it remains a crucial aspect of SCI rehabilitation that remains unclear and deserves greater focus in future research efforts.
The variation in measured REE across chronic injury studies was significant (1256-1854 kcal per day), and it demonstrates the importance of identifying the role of confounding factors when assessing energy needs in this often heterogeneous patient population. The well-established effect of gender on energy requirements is maintained after SCI, with REE over 300 kcal per day higher in men. The lowest REE values found by Gorgey et al. 2 and Lee et al. 24 (1256 kcal per day) may be explained by the combined gender data and most study participants having motor complete injuries. People with motor complete injuries are thought to have lower energy needs compared with those with motor incomplete injuries because of greater reductions in lean body mass. 25, 26 The loss of lean body mass following SCI is obligatory, 21 and it is also influenced by the neurological level of SCI. 38 Patients with tetraplegia often experience a greater loss of muscle mass compared with those with paraplegia, 38 which appears to reduce energy expenditure further. This was demonstrated in the studies by Yilmaz and Gorgey, in which REE was up to 370 kcal per day lower in tetraplegic compared with paraplegic patients. With previous work suggesting that REE does not differ between paraplegic and ablebodied subjects after adjustment for fat-free mass and body cell mass, 7 further research on the role of body composition as a predictor of energy needs may be worthwhile. Bauman et al. 31 Harris Benedict 1747 ± 143 1324 ± 187 c +32 Sedlock and Laventure 33 Cunningham 1718 ± 150 1530 ± 330 +12
Buchholz et al. 7 Schofield 1553 ± 261 1472 ± 228 +6 Hayes et al. 32 Harris Benedict 1601 ± 360 1390 ± 245 +15
Authors own 1365 ± 277 − 2
Abbreviation: REE, resting energy expenditure. a See Table 3 for prediction equations. b Differs from measured REE displayed in Table 2 ; the authors applied a 20% activity factor to enable comparison against listed energy prediction equations. c Weighted mean and s.d.
In addition to individual variation associated with gender, injury level, injury completeness and lean body mass, there may be other factors influencing REE in SCI, which evolve over the course of rehabilitation. Bone mineral density was found to correlate with REE in the study by Yilmaz et al., 3 whereas Bauman found that REE and lean tissue mass increased significantly in hypogonadal men with SCI receiving testosterone replacement therapy. 31 Anti-spasticity medications commonly prescribed in SCI have been shown to suppress REE in non-injured populations, 39 and common secondary complications such as pressure injuries and urinary tract infections may increase energy needs. 30 The complexity of influencing factors, which may be unique to each individual, increases the difficulty of developing a valid predictive equation for broad clinical use in those with SCI.
Attempts to validate predictive equations derived from uninjured populations were unsuccessful in the studies of SCI patients included in this review, with some equations overestimating REE by up to 90%. The equation developed by Hayes was the only study to find predicted REE similar to measured REE, using DXA measurements and equations derived from these. Although the study was small and the equation is yet to be validated in a larger population, findings lend further merit to the role of body composition as a key predictor of REE after SCI.
Study strengths and limitations
The main limitation of this review is that most identified studies included small sample sizes with often incomplete specification of study populations regarding injury level, completeness, time since injury and body weight. The search strategy to limit articles from English language studies only may have led to search bias, and the review was restricted to adult participants only. Many authors investigate the effects different activities have on energy expenditure in the SCI population; however, many fail to report a baseline REE and could not be included in the review. Further, data reported as kcal per day (not kcal per kg per day) somewhat limits comparisons between investigated populations For translation of REE data into clinical energy prescription, daily activity data are required, and this was not included here. Although there is a multitude of literature examining energy expenditure during physical activity after SCI, it is unclear whether these data can yet translate to activity factors capable of complimenting REE measurements in clinical practice.
Study strengths include the comprehensive nature of the systematic literature review and the strict inclusion criteria. The secondary exclusion criteria enhanced scientific quality. We confirmed consistency of data extraction through a blinded sub-study of five randomly selected published articles of those retrieved.
Areas for future research
Longitudinal studies tracking energy needs from acute injury through to chronic SCI in larger cohorts are needed to accurately demonstrate how energy needs change over time after SCI. Monitoring energy needs longitudinally during the development and healing of pressure ulcers and in those undergoing surgical intervention or with active infections is also paramount to better inform the application of injury factors across the course of SCI rehabilitation. Future efforts to develop a predictive energy equation for SCI should closely consider the role of body composition as a key predictor of REE, and should this progress establishment of bedside methods of body composition assessment validated for the SCI population is likely to be useful. Investigating the feasibility of introducing indirect calorimetry into standard care of SCI and pursuing lower cost alternatives to current equipment needs is warranted. In addition, there is also a need to accurately and objectively measure physical activity across different SCI levels and AIS grades to inform AEE values. This would aid the development of SCI-specific activity factors, which is a vital component of an energy prediction equation. Such information may also shed light on the possible variations in the contribution of each component of energy expenditure (REE and AEE) on TDEE, which is yet to be clearly established in SCI. Harris and Benedict 41 Aquilani et al. 30 Cox et al. 8 Bauman et al. 31 Hayes et al. 32 Men, REE (kcal per day) = 5. 
AT, SM, RM = the difference between body mass and the four remaining estimated components and k is the specific resting metabolic rate of the individual organs and tissues.
Quebbeman and Ausman 42 Cox et al. 8 Men, REE (kcal per day) = BSA × 789+137
Women, REE (kcal per day) = BSA × 544+414 BSA = 0.007184 × W 0.425 × H 0.725
Square metres where W = weight (kg) and H = height (cm) Spanier and Shizgal 43 Cox et al. 8 REE (kcal per day) = W × 45 W = weight (kg) Cunningham 44 Sedlock and Laventure 33 RMR (kcal per day) = 501.6+21 × LBM LBM (kg) Schofield 45 Buchholz et al. 
CONCLUSIONS
There are limited studies of REE in the acute and sub-acute injury stages of SCI recovery where energy needs may be greater. In the two studies conducted in sub-acute SCI, mean REE ranged from 1324 to 1469 kcal per day. Because of the heterogeneous study cohorts, there was a high degree of variation in REE reported in the chronic phase of SCI, where mean REE ranged from 1256 to 1854 kcal per day. As a result, alterations in short-and long-term energy needs of patients after SCI remain unclear. To date, the progress towards developing a validated predictive energy equation targeted for SCI has been slow and unsuccessful, and indirect calorimetry remains the only accurate assessment of REE for health practitioners working with individuals after SCI. *The search criteria for this systematic review included articles published until April 2015. A study published beyond this date, which otherwise met remaining search criteria, reported a mean REE of 1467 ± 229 kcal in men with chronic complete SCI (C5-T10). 40 This finding remains consistent with the range of values reported in this review for chronic SCI and does not alter the study results or conclusion.
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